Introduction: The aim of the present study was to evaluate the in vitro cytotoxicity of MTA Repair HP, Neo-MTA Plus, and Biodentine, new bioactive materials used for dental pulp capping, on human dental pulp stem cells (hDPSCs). Methods: Biological testing was carried out in vitro on hDPSCs. Cell viability and cell migration assays were performed using eluates of each capping material. To evaluate cell morphology and cell attachment to the different materials, hDPSCs were directly seeded onto the material surfaces and analyzed by scanning electron microscopy. The chemical composition of the pulp-capping materials was determined by energy-dispersive X-ray and eluates were analyzed by inductively coupled plasma-mass spectrometry. Statistical differences were assessed by analysis of variance and Tukey test (P < .05). Results: Cell viability was moderate after 24 and 48 hours in the presence of MTA Repair HP and NeoMTA Plus, whereas at 48 and 72 hours, Biodentine showed higher rates of cell viability than MTA Repair HP and NeoMTA Plus (P < .001). A cell migration assay revealed adequate cell migration rates for MTA Repair HP and NeoMTA Plus, both similar to the control group rates, meanwhile the highest cell migration rate was observed in the presence of Biodentine (P < .001). Scanning electron microscope studies showed a high degree of cell proliferation and adhesion on Biodentine disks but moderate rates on MTA Repair HP and NeoMTA Plus disks. Energydispersive X-ray pointed to similar weight percentages of C, O, and Ca in all 3 materials, whereas other elements such as Al, Si, and S were also found. Conclusions: The new pulp-capping materials MTA Repair HP, NeoMTA Plus, and Biodentine showed a suitable degree of cytocompatibility with hDPSCs, and good
V
ital pulp therapy includes proceduressuchasdirect pulp capping, indirect pulp capping, and partial or full pulpotomy (1) . Direct pulp capping is a method designed to preserve exposed dental pulp with a protective agent, inducing hard tissue repair. Indirect pulp capping refers to the application of a material, on a thin layer of dentin where no vital pulp exposure occurs. Pulpotomy differs from pulp-capping only in that a portion of the remaining pulp is removed before the capping material is applied (2) . The materials used in the vital pulp method should possess adequate biocompatibility and bioactivity to promote dental pulp stem cells activity and pulp healing in permanent teeth (3) .
Recently, the clinical efficacy of mineral trioxide aggregate (MTA) has been demonstrated in vital molar therapy in adult patients (4) . MTA improves on the effectiveness of other biomaterials used in vital pulp therapy such as calcium hydroxide (CH), calcium-enriched mixture cement, glass ionomers, adhesive resins or enamel matrix derivative (1) . Because of the good biological properties of MTA, new versions of calcium-silicate-based materials such as Biodentine (Septodont, Saint-Maur-desFoss es, France) have also been developed as pulp-capping material (5) . MTA/calcium silicates have similar action mechanisms to CH, although MTA/calcium silicates induce odontoblastic differentiation of dental pulp stem cells and produce more uniform and thicker dentin bridge formations with less inflammatory response and less necrosis of pulp tissue than CH (6, 7) .
Human dental pulp stem cells (hDPSCs) are mesenchymal stem cells isolated from adult teeth that have the ability to differentiate into osteoblastic, adipogenic, chondrogenic, and odontoblastic-like cells (8, 9) . These cells possess immunosuppressive and immunomodulatory properties, as shown in several animal studies, making them a useful cell line for regenerative endodontics (10) . In addition, hDPSCs have been used with new dental materials in previous cytotoxic studies (7, 11) .
Cytotoxic studies with human dental cells represent a useful tool for analyzing the behavior of these cells in contact with new materials because of the clear worldwide tendency to use animal-free methods for this purpose (12) . In fact, several methodologies and combinations have been described in previous studies (6, 13, 14) . For example, CH is one of the most commonly used in pulp capping or pulpotomies and promotes the recruitment, migration, proliferation, and mineralization of DPSCs, through the expression of STRO-1 and CD146 markers (15, 16) . MTA promotes odontoblastic differentiation of DPSCs in direct contact with dental pulp tissue and induces neovascularization (17) . Biodentine and MTA are used in pulp capping due to their involvement in mineralized tissue bridge formation, the preservation of pulpal vitality, and promotion of odontoblast layer integrity (18) . Biodentine is a bioactive tricalcium silicate-based cement that has beneficial effects on dental pulp cells and promotes the formation of tertiary dentin, while having greater color stability than white MTA (19) . Biodentine and a recent bioceramic material known as Neo MTA Plus (Avalon Biomed Inc, Bradenton, FL) are considered suitable alternatives to MTA for pulp-capping in that they both produce CH for dentin bridge formation and, additionally, do not exhibit discoloration (20) . In early 2016, new MTA Repair HP (Angelus Ind ustria de Produtos Odotontol ogicos S/A, Londr ına, PR, Brazil) was launched internationally as a repair cement in the form of a bioceramic material of high plasticity with the same biological properties as the conventional MTA, but providing better handling and insertion.
Another important aspect of biomaterials is the outermost chemical surface, as this is the layer that will be in close contact with vital tissue. Several reactions occur at the interface between cells and the biomaterial. Due to these facts, the nanoscale surface composition of the biomaterial is a major variable that determines the host responses (20, 21) . So far, there have been no in vitro cytotoxicity studies comparing MTA Repair HP or NeoMTA Plus as direct pulp-capping materials. For this reason, the aim of this study was to investigate the effect of 3 pulp-capping materials on hDPSCs commonly used for cytotoxicity testing. The null hypothesis was that the compounds of these pulp-capping materials do not influence cell viability compared with the control.
Materials and Methods

Pulp-Capping Material Extracts
The materials tested in this study were MTA Repair HP (Angelus Ind ustria de Produtos Odotontol ogicos S/A), NeoMTA Plus (Avalon Biomed), and Biodentine (Septodont). Their complete compositions are described in Table 1 .
The materials were mixed according to the manufacturers' instructions. Discs of each pulp-capping material were shaped under aseptic conditions in sterile cylindrical rubber molds 5-mm in diameter and a 2-mm high, sterilized using ultraviolet irradiation for 15 minutes, and stored in an incubator at 37 C for 48 hours to achieve complete setting. The eluates of the different materials were extracted in sterile conditions, using Dulbecco's modified Eagle's medium (DMEM) as extraction vehicle. The extraction procedure is as follows: the materials were stored in the culture medium for 24 hours at 37 C in a humid atmosphere containing 5% CO 2 . In accordance with the International Organization for Standardization (ISO) standards, the ratio of material surface area to medium volume was set at approximately 1.5 cm 2 /mL in accordance with the guidelines of the International Organization for Standardization 10993-5. The extraction medium was filtered with sterile filters of 0.22 mm of diameter of the porous, and several concentrations (undiluted, 1/2, 1/4) were prepared.
Assessment of pH and Inductively Coupled Plasma-Mass Spectrometry of pulp-Capping Extracts
Specimens measuring 5 mm in diameter and 2 mm high were prepared from each pulp-capping material type. They were then immersed in sterilized water obtained from Milli-Q integral purification system (MQ H 2 0) (Millipore Corporation, Darmstadt, Germany) without calcium or magnesium for 24 hours.
The pH of the MQ H 2 0 before and after immersion of the test materials was assessed in triplicate using 2 mL approximately for each measurement (GLP21 + from Crison, Barcelona, Spain). The results correspond to the average and standard deviation.
The presence of silicon (Si), phosphorus (P), calcium (Ca), and strontium (Sr) was assessed using inductively coupled plasma-mass spectrometry (ICP-MS; Agilent 7900, Stockport, UK). The standard solution for the measurements consisted on a multielemental solution prepared with the followings commercial patterns ICP multi-element standard solution IV (Certipur, 1.11355.0100; Merck KGaA, Darmstadt, Germany), phosphorus standard 1000 mg/mL P in 5% HNO3 (100-mL bottle) (5190-8499; Agilent technologies, Santa Clara, CA) and Silicon ICP standard traceable to Standard Reference Material from National Institute of Standards and Technology SiO2, in NaOH 2% (Certipur; 1.70365.0100; Merck KGaA). The volume of solution used in each measurement was 1 mL approximately. The equipment develops 3 measurements and yields the average of the measurements and the coefficient of variation (CV).
Isolation and Culture of hDPSCs
hDPSCs were obtained from impacted third molars (n = 10) from 10 healthy subjects (18-30 years old). Donors gave written informed consent according to the guidelines of the Ethics Committee of our Institution. Dental pulp was obtained from pulp chamber and root canals using barber nervbroach (Dentsply Maillefer, Ballaigues, Switzerland). After extraction, the dental pulp was washed with Ca 2+ /Mg 2+ -free Hank's balanced salt solution (Gibco, Gaithersburg, MD), and subjected to collagenase-A digestion (3 mg/mL) (Sigma-Aldrich, St. Louis, MO) for 1 hour at 37 C. Then, cells seeded in T25 flasks (Corning, Amsterdam, Netherlands) containing DMEM (low glucose without glutamine with sodium pyruvate L0064-500, Biowest; Nuaill e, France) supplemented with 100 U/mL penicillin and streptomycin (PEN-STREP 5000U Penicillin/mL 5000 U Streptomycin/mL, PE17-603E; Lonza, Basel, Switzerland) and 10% fetal bovine serum (South America Origin, S1810-500; Biowest) in an incubator at 37 C under standard conditions with 5% CO 2 . After stabilization of the culture, cells were seeded at a density equal to 5 Â 10 5 cells in T75 flasks (Corning). Culture medium was replaced twice a week and cells were subcultured every week. This study was carried out with cells from passage 4 onward.
Characterization of hDPSCs
A quantity of 10 5 cells per well was seeded on a 6-well plate and the adhesion was allowed for 24 hours. After 72 hours, cells were harvested and cells were identified following the guidelines of the International Society of Cellular Therapy to confirm the stem cell mesenchymal phenotype (22) . Surface antigens of hDPSCs were revealed using antibodies conjugated to fluorophores using flow cytometry method. The antibodies used were CD73-antigen-resenting cell (APC) (clone AD2), CD90-fluorescein isothiocyanate (FITC) (clone DG3), CD105-phycoerythrin (PE) (clone 43A4E1), CD14-peridinin clorophyll protein (PerCP) (clone TVUK4), CD20-PerCP (clone LT20.B4), CD34-PerCP (clone AC136), and CD45-PerCP (clone 5B1) (Human MSC Phenotyping Cocktail; Miltenyi Biotec, Bergisch Gladbach, Germany). The dilution of the antibodies used is according to the manufacturer's specifications; this is 10 mL of the Human MSC Phenotyping Cocktail per 10 6 cells. The flow cytometry test was performed using a flow cytometer system (FACSCalibur; BD Biosciences, San Jos e, CA). Parameters analyzed by FACS were size, complexity and fluorescence of FITC, PE, PerCP-Cy5.5, and APC.
MTT Assay
The cytotoxicity of the different pulp-capping eluates was evaluated using the MTT assay (MTT Cell Growth Kit; Chemicon, Rosemont, IL) after 24, 48, and 72 hours of culture, using hDPSCs cultured in complete medium as controls. Cells were seeded at density equal to 4000 cells/cm 2 on a 96-well plate (well surface of 0.32 cm 2 ) in 200 mL DMEM. To avoid effects due to evaporation of the media, no cells were seeded in the wells next to borders. Instead, sterile Milli-Q water was placed in these wells. At the indicated times, complete culture medium was replaced by serum-free culture medium. MTT was added at a final concentration equal to 1 mg/mL and cells were incubated for 4 hours. Then, the culture medium containing MTT was removed and 100 mL dimethyl sulfoxide was added to release formazan. The absorbance at 570 nm (Abs 570 ) was measured using an automatic microplate reader (ELx800; Bio-Tek Instruments, Winooski, VT) and Abs 690 as the reference wavelength. Each condition was analyzed in quintuplicate.
Cell Migration
The capability of cells to migrate in the presence of pulp-capping extracts was evaluated by means of a wound-healing assay. Culture plates of 60 mm measuring wells were used to seed 5 Â 10 4 hDPSCs in each well in complete medium with fetal bovine serum. Cells were then incubated for 24 hours to ensure a complete monolayer of cells.
To perform the wound-healing assay, a scratch was made in each well, using a sterile pipet tip in each well, and washed with PBS to remove cell debris. Cells were incubated after the addition of eluates of each material at various dilutions. To quantify and compare the cell migration rate, images of the scratched area were captured at times 0, 24, and 48 hours using a phase-contrast microscope. Proliferation assay was carried out 5 times. Two images were taken per well at each indicated time (LV100D-U; Nikon, Tokyo, Japan). Software Image J (National Institutes of Health, Bethesda, MD) was used to analyze the area covered by cells and the area not covered.
Scanning Electronic Microscopy and Energy-Dispersive X-ray Analysis (SEM/EDX) Different samples of NeoMTA Plus, MTA Repair HP, and Biodentine were shaped into 1.6-mm thick disks of 5 mm diameter using rubber molds. Fifteen disks of each material were prepared and subdivided into 3 groups, each containing 5 parallel samples. The hDPSCs were directly seeded onto each disk at a density of 5 Â 10 4 cells/mL. After 72 hours of culture, the samples seeded with hDPSCs were removed from the culture wells, and fixed with 3% glutaraldehyde for 4 hours. Then, the samples were dehydrated in a graded series of ethanol concentrations up to 100%, immersed in 100% hexamethyldisilazane, air dried, mounted on aluminum stubs, and sputter coated with gold/palladium (Polaron e5400 SEM Sputter Coating System; Bio-Rad, Kennett Square, PA). Finally, gold/palladium-coated specimens were examined by SEM, using a magnification of Â100.For SEM-EDX, samples of the 3 cell-free pulp-capping materials were immersed in Hank's balanced salt solution in a ratio 6 cm 2 /mL and stored at 37 C for 24 hours. Discs were coated with carbon in a CC7650 SEM Carbon Coater unit (Quorum Technologies Ltd, East Sussex, UK) and each sample was examined using a scanning electron microscope (SEM Jeol 6100 EDAX, Jeol, Peobody, MA) connected to a secondary electron detector for EDX (350 EDX; Oxford INCA, Abingdon, UK) using computer-controlled software (INCA energy version 18) and an accelerating voltage of 20 KV. The full scale for quantification was 2392 counts.
Statistical Analysis
Data from the pH measurements, MTT assay, and cell migration assays were analyzed using SPSS version 22.0 statistical software (SPSS, Inc., Chicago, IL). Each experiment was performed with 5 replicates and carried out at least twice. Absorbance values are presented as the mean AE SD. Statistical differences between control and proliferation in the presence of different material extracts were analyzed. Also, statistical differences between the proliferation rates of different extract were analyzed. In both cases, analyses were assessed by analysis of variance and Tukey test (*P < .05, **P <.01, ***P <.001). A P value < .05 was considered significant.
Results pH and Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)-Mass of Pulp-Capping Extracts
No significant differences in pH values of extract materials were observed for investigated materials after 24 hours, whereas MTA Repair HP showed slightly higher pH value in comparison with other samples (Table 2 ). According to results in Table 2 , the concentration of Si and Ca in MTA Repair HP was lower than the concentration of the same elements in the other materials. The amount of Si in NeoMTA Plus and Biodentine was similar. It was surprisingly that the concentration of Ca in Biodentine was more than 4 times the amount in NeoMTA Plus. But, in case of Sr, Biodentine showed an amount 100 times lower than NeoMTA Plus.
Isolation and Characterization of hDPSCs
After their isolation and culture, and to confirm the mesenchymal stem cell phenotype of the cells, hDPSCs were characterized by flow cytometry (Fig. 1A) . The white curve in Figure 1A corresponds to the isoform markers. This is all the cells in the sample. The gray curve represents the positive expression of specific markers. The gray peaks shifted to right in the x-axis in cases of CD 73, CD 90, and CD 105. Because the 2 peaks do not overlap, we can conclude that more than 95% of viable hDPSCs were positive for the mesenchymal markers CD73, CD90, and CD105 and negative for the hematopoietic markers CD14, CD20, CD34, and CD45 (Fig. 1A) .
The number in the FACS graph corresponds to the average of MFI (mean fluorescence intensity) for the marker analyzed. MFI is a relative measure which indicates the number of marked molecules. It can be concluded that hDPSCs express higher levels of CD 73 than CD 90 and CD 105, concretely 2.67 and 6.41 times, . Statistics were applied, and significative differences were indicated as *P < .05, **P < .01, and ***P < .001.
respectively. And, the expression of CD 90 is 2.40-fold the expression of CD 105.
Cytotoxicity of Pulp-Capping Materials
The cytotoxicity of pulp-capping materials under study on hDPSCs cultured in the medium with various concentrations of the pulp-capping material extracts was studied by MTT assay (Fig. 1B) . The undiluted extracts of Biodentine, Neo MTA Plus, and MTA Repair HP increased the absorbance signal over control group levels at all indicated time points. Thus, proliferation rate was higher in the presence of Biodentine at 48 hours and 72 hours (P < .001). However, with dilution of onehalf, the absorbance signal was similar to control levels at 48 hours and 72 hours with no statistical difference in the case of MTA Repair HP or NeoMTA, whereas in the case of Biodentine, the absorbance signal was still higher than in the control group (P < .001) particularly at 72 hours. With dilution of one-fourth, MTA Repair HP showed a slight decrease in the absorbance signal at 72 hours but NeoMTA had no statistical differences compared with the control group and Biodentine promoted cell proliferation in time (P > .05). These results establish that these materials had no cytotoxic effect on hDPSCs.
Cell Migration
Based on the wound-healing assay, the migration of cells in the control group favors wound closure at 48 hours ( Fig. 2A and B) . At 24 hours, cell migration in the MTA Repair HP and NeoMTA groups were similar to that of the control group, whereas detectable differences were observed between the control and Biodentine groups at 24 hours, the new material producing a faster wound closure especially at dilution of one-half and one-quarter (P < .05) (Fig. 2B and C) . At 48 hours, the Biodentine group showed higher cell migration than the control group at all dilutions, while the NeoMTA group showed a slightly faster cell migration than the MTA Repair HP group, but both of them showed higher wound openings than the control group (Fig. 2B and C) . These results indicate that Biodentine had a stronger effect on the migration ability of hDPSCs, whereas NeoMTA and MTA Repair HP produced values that were similar to those of the control. Figure 3 shows the morphology of hDPSCs on the surface of the pulp-capping disks after 72 hours of culture and the characterization of all 3 materials. Images from the Biodentine material revealed the presence of more cells than in NeoMTA and MTA Repair HP (Fig. 3A-C) . Importantly, hDPSCs covered the Biodentine surface, adopting a spindle, polygonal, and flattened morphology, showing multiple prolongations (Fig. 3A) . The EDX results showed that Biodentine, MTA Repair, and NeoMTA Plus had similar percentages of calcium, carbon, and oxygen. Other elements found in minor amounts were silicon in Biodentine, aluminum and silicon in MTA Repair HP, and silicon and sulfide in NeoMTA Plus.
Cell Attachment and Characterization of the Materials
Discussion
Calcium-silicate cements and MTA are used as capping materials. The nanoscale surface composition of these biomaterials is a major variable that determines the host response. The biomaterial area in Figure 2 . To evaluate cell migration capacity in a wound closure simulation in vitro, a wound-healing assay was performed. (A) Evolution of the scratch closure in the control group. The area not covered by cells, after exposure to different dilutions of the sealers' eluates is represented by a bar chart at 0, 24, and 48 hours (B) and the images taken at the same times are included (C). *P < 0.05, **P < 0.01. direct contact with DPSCs creates a microenvironment that promotes dentin tissue formation by these stimulated cells. So, pulp-capping materials must be workable, easily handled, nontoxic to dental pulp tissues, and capable of inducing dentin repair or regeneration (22) .
hDPSCs were used as a model to simulate clinical conditions, where dental pulp needs to activate differentiation mechanisms to carry out dentin repair in the presence of these biomaterials. hDPSCs play a major role in dental pulp reparation (8) . In very deep cavities with a remaining dentine thickness of between 0.25 and 0.01 mm or in pulp exposure cavities, DPSCs proliferate, migrate to the site of injury, and differentiate to form odontoblastoid cells (15) . The biocompatibility and bioactivity of pulp-capping materials are key factors in the dental pulp repair microenvironment.
As regard cytocompatibility, hDPSCs were exposed to pulpcapping extracts to simulate the conditions of dental practice that include direct (1/1) or indirect (one-half, one-fourth,) pulp capping. Thus, cytotoxicity of materials and cell migration was confirmed using the MTT assay and the wound-healing assay, respectively. Because the metabolic activity of the cells in culture was measured along the time, the increasing in the value of absorbance along the time can be interpreted as an indirect measurement of proliferation of cells. Notably high values of absorbance in MTT assay and migration were observed in the presence of Biodentine extracts and moderate absorbance values in MTT assay in the presence of NeoMTA Plus and MTA Repair HP. At the same time, Biodentine permitted a better rate of cell migration than MTA Repair HP and NeoMTA. These results corroborate previous studies, which revealed no significant differences in cell proliferation between MTA Angelus and Biodentine extracts and their corresponding controls up to 48 hours of culture using dental pulp cells (11) . However, using the mouse odontoblast cell line (MDPC-23), Poggio et al (23) reported that Biodentine showed better cell biocompatibility than MTA Angelus and ProRoot MTA eluates after 72 hours of culture. Lee et al (24) found adequate hDPSC proliferation in the presence of MTA and TheraCal, although in the presence of the highest concentration, TheraCal showed better cell viability. Collado-Gonz alez et al (25) described better cell proliferation and migration of stem cells from human exfoliated deciduous teeth in the presence of Biodentine extracts than other pulpotomy materials such as MTA Angelus, TheraCal, or Intermediate Restorative Material. One limitation of our study in this respect may be the lack of previous reports evaluating the cytocompatibility of NeoMTA Plus or MTA Repair HP.
Moreover, SEM is a useful tool for examining the morphology and cell attachment of primary cultured cells seeded on certain biomaterials (26) . Although the SEM results indicated that each of these materials exhibited a different degree of surface roughness and morphology, they all showed hDPSCs on their surface. Moreover, among the cultured disks, more prominent cell spreading was seen in the Biodentine group. Luo et al (27) reported that Biodentine promotes the adhesion of dental pulp stem cells. In addition, another recent study has reported that dental pulp cells from primary teeth exhibited good attachment to the surfaces of Biodentine and MTA Angelus (25) . The SEM observations of another study indicated increased cell adhesion and proliferation on the surfaces of Biodentine (28) . This observation also correlated with our results.
Due to the composition of these materials and their influence on the cytotoxicity of hDPSCs, we analyzed the chemical composition of the surface of the pulp-capping materials and their eluates extracts (SEM/energy dispersive spectroscopy and ICP-MS). The results of each analysis showed, in all 3 materials, differences between the surface of the material and the equivalent eluate extract. The most feasible explanation is that the ions diffused from the disk but not only from the surface. The presence of Sr in the eluates is 10-fold increased in MTA Repair HP and 100-fold increased in NeoMTA Plus referred to Biodentine. Other ions were found in the surface of the disk as Al in MTA Repair HP and S in NeoMTA Plus; both of these ions were absent in Biodentine. Because previous reports have demonstrated that the presence of different ions, such as Zn, in dental materials are involved in their cytotoxicity (29) , the presence of Sr, Al, and S is related with the cytotoxicity of NeoMTA Plus and MTA Repair HP. And, their low content or absence is related to the biocompatibility of Biodentine. On the other hand, several authors reported that calcium plays a crucial role in fibroblast adhesion (28, 30) . According to SEM/EDS analysis, we found a substantial amount of Ca in all 3 pulp-capping materials that might be related with their bioactivity. However, according to ICP-MS, Ca would not diffuse accordingly in the case of NeoMTA Plus and MTA Repair HP. SEM/EDS and ICP-MS results were consistent with a previous study that found an important amount of Ca at the surface of Biodentine, ProRoot MTA, Dycal, and TheraCal (31) . Future studies should focus on the interrelationship of the nanosurface composition with the biological response of pulp cells.
Conclusions
According to our results, all the studied materials exhibited adequate cytocompatibility. Nevertheless, future in vitro and in vivo studies should be performed to add more information on the behavior of new endodontic biomaterials such as MTA Repair HP, NeoMTA Plus, and Biodentine.
